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ABSTRACT 

We  investigated  the  signature  phenomenology  of  long-wave  infrared  (LWIR)  reflectance  of  contaminated  surfaces  using 
a  quantum-cascade  laser  (QCL)  that  tunes  from  A,  =  9.1  to  9.8  pm  and  a  HgCdTe  focal-plane-array  (FPA)  with  custom 
read-out  integrated  circuit  (ROIC).  A  liquid  chemical,  diethyl  phthalate  (DEP),  was  applied  to  a  variety  of  substrates 
such  as  diffusely  reflecting  gold,  concrete,  asphalt,  and  sand.  Multispectral  image-cubes  of  the  scattered  radiation  were 
generated  over  81  wavelengths  in  steps  of  1  cm'1  at  standoff  distances  ranging  from  0.1  to  5  meters.  For  idealized 
substrates  such  as  diffusely  reflecting  gold,  the  experimentally  measured  signatures  are  in  good  agreement  with 
theoretical  calculations.  Clear  signatures  were  also  obtained  for  contaminated  concrete,  asphalt,  and  sand.  These 
measurements  demonstrate  the  potential  of  this  technique  for  detecting  and  classifying  chemicals  on  native  outdoor 
surfaces. 

Keywords:  chemical  imaging,  multispectral  imaging,  hyperspectral  imaging,  vibrational  spectroscopy,  infrared 
spectroscopy,  quantum  cascade  lasers,  HgCdTe,  focal  plane  arrays 


1.  INTRODUCTION 

The  detection  and  classification  of  chemicals  on  surfaces  is  of  great  importance  for  a  variety  of  civilian  and  military 
applications.  Very  sensitive  techniques,  such  as  mass  spectrometry,  exist  for  surface  sensing  but  these  require  a  physical 
transfer  of  the  chemicals  from  the  surface  into  the  instrument  [1,  2].  It  is,  instead,  highly  desirable  that  detection  and 
classification  be  achieved  at  standoff  distances  (>1  meter)  with  high  areal-coveragc-rates  [3].  Of  the  demonstrated 
standoff  techniques,  the  most  promising  ones  are  laser-induced  breakdown  spectroscopy  (LIBS)  (4,  5],  Raman  [6-8],  and 
long-wave  infrared  (LWIR)  spectroscopy  [9].  As  compared  to  Raman  and  LIBS,  the  LWIR  techniques  have  the 
advantage  of  being  potentially  eye-safe  at  the  target.  Within  LWIR  spectroscopy,  the  methods  can  be  divided  into  those 
that  are  passive  [10-12]  and  those  that  utilize  active  illumination.  The  primary  active  techniques  can  further  be  classified 
according  to  whether  they  measure  the  optical  reflectance  [13-19]  or  a  differential  temperature  change  through  the 
photothermal  effect  [20-23]. 

The  work  presented  here  is  based  upon  actively  illuminated  LWIR  reflectance  spectroscopy.  Recently,  there  has 
been  particular  interest  in  utilizing  this  technique  for  the  standoff  detection  of  explosives  (see  [24]  and  references 
therein).  However,  most  of  the  work  to  date  in  this  area  has  involved  the  detection  of  explosives  on  idealized  substrates 
and  under  idealized  configurations  in  order  to  achieve  classification.  These  situations  are  unlikely  to  be  encountered  in 
the  field.  Recently,  there  have  been  efforts  to  detect  explosives  on  substrates  under  conditions  that  can  realistically  be 
encountered  [15,  22,  24].  The  present  work  is  an  investigation  of  the  signature  phenomenology  of  liquid  chemicals  on 
realistic  outdoor  surfaces.  Sensing  is  achieved  using  an  imaging  focal-plane-array  (FPA)  in  combination  with  quantum- 
cascade-laser  (QCL)  illumination.  To  the  best  of  our  knowledge,  this  is  the  first  demonstration  of  multispectral  imaging 
of  liquid  chemicals  on  realistic  outdoor  surfaces  using  laser  illumination. 


*  This  work  was  sponsored  by  the  Department  of  the  United  States  Air  Force  under  Air  Force  contract  No.  FA8721-05- 
C-0002.  The  opinions,  interpretations,  conclusions,  and  recommendations  are  those  of  the  authors  and  are  not 
necessarily  endorsed  by  the  United  States  Government. 
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2.  EXPERIMENTAL  SETUP 
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Figure  1 :  Experimental  setup  used  for  most  of  the  measurements.  The  sample  of  interest  is  illuminated  with  an  external- 
cavity  QCL  at  an  angle-of-incidence  of  ~30°.  The  scattered  radiation  is  imaged  at  the  digital  focal-plane-array  (DFPA) 
camera.  The  laser  is  stepped  through  81  wavelengths  spanning  X  =  9. 1-9.8  pm  in  steps  of  1  cm'1  to  generate  an  81 -frame 
multispectral  image-cube. 


2.1  Optical  configuration 

The  experiments  involve  illuminating  the  sample  of  interest  with  a  tunable  QCL  and  capturing  the  scattered 
radiation  using  a  LWIR  camera.  Figure  1  depicts  the  configuration  for  measurements  at  a  standoff  distance  of  0.1  meter. 
An  external-cavity  QCL  (EC-QCL)  from  Daylight  Solutions  [25]  illuminates  the  sample  at  an  angle-of-incidence  (AOI) 
of  -30°.  The  sample  surface  is  oriented  to  be  approximately  parallel  to  the  FPA.  An  afocal  telescope  comprising  anti¬ 
reflection-coated  germanium  lenses  is  used  to  image  the  scattered  radiation  at  the  FPA  with  an  optical  magnification  of 
2.  The  pixel  size  of  the  FPA  is  30  pm  resulting  in  a  spatial  resolution  at  the  sample  of  60  pm. 

The  EC-QCL  is  scanned  from  X  =  9. 1-9.8  pm  in  steps  of  1  cm'1  and  an  image  is  captured  at  each  step  to  generate  an 
81 -frame  multispectral  image-cube.  The  EC-QCL  is  operated  in  pulsed  mode  with  a  pulse  length  and  repetition 
frequency  of  typically  500  ns  and  10  kHz,  respectively.  The  peak  power  from  the  QCL  was  normalized  at  each 
wavelength  such  that  the  response  at  the  camera  was  spectrally  flat  when  the  sample  was  a  diffuse-reflection  standard 
[26].  The  peak  laser  power  at  each  wavelength  was  about  50  mW. 

The  camera  is  based  on  unique  digital-pixel  FPA  (DFPA)  technology  [27,  28].  The  DFPA  used  for  these 
measurements  utilizes  a  256  x  256  HgCdTe  detector  array  that  is  bump-bonded  to  a  custom  read-out  integrated-circuit 
(ROIC).  Unlike  conventional  analog  FPAs,  the  DFPA  incorporates  an  analog-to-digital  converter  (ADC)  underneath 
each  pixel.  The  ADC  of  the  DFPA  operates  by  counting  the  number  of  times  a  small  capacitor  is  charged  by  the 
HgCdTe  photodiode  current.  Every  time  the  capacitor’s  voltage  exceeds  a  set  point,  an  associated  comparator  is 
triggered  causing  the  capacitor  to  discharge  and  the  event  to  be  recorded  by  an  up/down  counter.  This  counter  can  be 
dynamically  enabled  or  disabled.  Furthermore,  the  counter  can  be  dynamically  configured  to  either  add  or  subtract 
counts.  At  the  end  of  an  acquisition  period,  the  digital  values  associated  with  the  counter  are  read-out  through  fast 
digital  shift-register  operations. 

The  DFPA  architecture  enables  a  suite  of  unique  capabilities  that  are  relevant  for  active  LWIR  multispectral 
imaging  systems.  In  particular,  two  capabilities  of  the  DFPA  are  especially  relevant  for  the  measurements  presented 
here  because  they  suppress  the  passive  thermal  background.  First,  the  DFPA  can  time-gate  the  response  with  sub¬ 
microsecond  resolution  by  enabling  the  counter  only  while  the  laser  is  illuminating  the  scene.  Between  pulses,  counting 
does  not  have  to  be  enabled  and  therefore  the  intra-pulse  passive  thermal  background  does  not  contribute  to  the  signal. 
The  DFPA  can  be  programmed  to  add  an  arbitrary  number  of  pulses.  For  the  measurements  presented  here,  the  signals 
were  typically  integrated  over  30  pulses.  The  second  important  capability  is  called  passive  background  subtraction.  In 
the  LWIR  around  X  =  10  pm,  the  blackbody  radiation  contribution  to  the  signal  can  be  larger  than  the  active  signal  of 
interest.  Therefore,  it  is  critical  to  subtract  this  passive  thermal  background.  Rather  than  performing  this  background 
subtraction  off-chip  at  the  computer  by  comparing  two  images,  the  DFPA  can  perform  background  subtraction  on-chip. 


This  is  accomplished  simply  by  the  counting  down  between  laser  pulses  for  a  time  equal  to  the  count-up  time  while  the 
laser  was  on.  In  this  way,  the  resulting  counter  value  represents  only  the  active  signal  of  interest.  Combining  time¬ 
gating  with  background  subtraction  significantly  reduces  the  deleterious  effects  of  the  passive  thermal  background. 

2.2  Chemical  simulant  and  substrates 

The  liquid  chemical  chosen  for  this  work  is  diethyl  phthalate  (DEP).  DEP  is  safe  to  handle  and  has  similar  surface 
tension  and  viscosity  to  VX  [29].  Figure  2  plots  the  absorption  spectrum  of  DEP.  Two  absorption  peaks  that  overlap 
the  tuning  range  of  the  EC-QCL  are  X  =  9.32  pm  and  9.61  pm.  The  complex  refractive  index  of  DEP  was  derived  from 
the  absorption  spectrum  using  the  Kramers-Kronig  relation  assuming  a  high-frequency  refractive  index  of  1.50  [30]. 

The  DEP  was  applied  to  a  range  of  substrates.  The  idealized  substrates  were  diffusely  reflecting  gold.  These  were 
made  from  glass  slides  that  were  roughened  using  grit  and  then  sputter-coated  with  Ti/Au.  For  the  surfaces  that  are 
representative  of  outdoor  materials,  standardized  materials  were  not  available.  The  concrete  pavers  were  obtained  from 
the  hardware  store,  weathered  asphalt  pieces  were  found  by  the  roadside,  and  sand  was  collected  from  the  parking  lot. 


Figure  2:  Absorption  coefficient  of  diethyl  phthalate  (DEP). 


3.  THEORETICAL  REFLECTANCE 

Reflectance  from  native  outdoor  surfaces  that  are  contaminated  with  liquid  chemicals  is  a  complex  phenomenon  that 
includes  contributions  from  both  the  first-surface  reflection  at  the  chemical-air  interface  and  the  double-pass  absorption 
within  the  film.  The  combination  of  these  processes  is  sometimes  called  transflection. 

The  component  that  corresponds  to  double-pass  absorption  is  illustrated  by  the  case  of  a  thin-film  on  a  diffusely 
reflecting  substrate.  Referring  to  the  schematic  of  the  thin-film  in  Figure  3,  a  fraction  of  the  illuminating  radiation  is 
reflected  at  the  chemical/air  interface  and  this  light  is  not  collected  by  the  receiver.  The  light  that  is  transmitted  into  the 
film  is  diffusely  reflected  by  the  substrate  prior  to  being  collected  by  the  receiver.  The  measured  reflectance  spectrum 
can  be  written  as 


Rabs  =  R  '  Rsub  W'  eXP| 
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where  F  is  related  to  the  collection  efficiency  of  the  receiver,  is  the  reflectance  at  the  chemical/substrate  interface,  X 
is  the  free-space  wavelength,  k  is  the  imaginary  part  of  the  refractive  index,  and  It  is  the  double-pass  path  of  the  light 
within  the  chemical  film.  This  is  plotted  in  Figure  3  for  a  10-pm-thick  film  of  DEP  taking  F  •  Rsub  =  5%.  As  expected, 
the  reflectance  minima  are  centered  at  the  absorption  peaks. 


For  a  thick  droplet,  the  light  that  is  transmitted  into  the  chemical  is,  to  good  approximation,  fully  absorbed.  Only 
that  light  which  is  reflected  at  the  chemical/air  interface  and  is  directed  towards  the  receiver  will  be  collected.  This  first- 
surface  reflectance  is  given  by  (at  normal  incidence) 
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where  G  is  related  to  the  collection  efficiency  of  the  receiver  and  n  is  the  real  part  of  the  refractive  index.  Since  the  real 
and  imaginary  parts  of  the  index  are  related  by  the  Kramers-Kronig  relationship,  each  strong  absorption  feature 
corresponds  to  a  region  of  anomalous  dispersion  in  which  the  reflectance  increases  with  increasing  wavelength.  This  is 
clearly  seen  for  each  of  the  absorption  features  in  Figure  3.  As  a  result,  the  minima  in  the  first-surface  reflection  spectra 
are  shifted  to  shorter  wavelengths  as  compared  to  the  absorption  features.  The  shift  is  larger  for  broader  absorption 
peaks.  For  the  two  absorption  peaks  that  are  relevant  for  this  work  (A,  =  9.32  pm  and  9.61  pm),  the  reflection  minima  are 
shifted  to  A  —  9.26  pm  and  9.58  pm  which  correspond  to  a  shift  of  AX  =  0.06  pm  and  0.03  pm,  respectively.  This  point 
is  relevant  for  the  measurement  results  that  are  discussed  in  the  next  section. 
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Figure  3:  Illustration  of  two  components  of  transflection:  specular  reflection  at  the  chemical-air  interface  and  absorption 
within  the  chemical.  The  plot  shows  the  calculated  specular  reflection  and  absorption  components  for  DEP. 


For  chemicals  on  diffusely  reflecting  outdoor  surfaces,  the  transflection  physics  that  leads  to  the  measured 
reflectance  spectrum  can  be  complex.  The  reflectance  spectrum  depends  upon  factors  such  as  the  thickness  of  the 
chemical  on  the  surface  and  the  morphology  of  the  surface.  These,  in  turn,  depend  upon  the  details  of  the  surface 
roughness  and  porosity,  chemical  viscosity,  and  interfaciai  surface  tension.  For  a  non-porous  substrate  where  the 
chemical  layer  is  likely  to  be  thick,  it  is  expected  that  the  first-surface  reflectance  component  will  dominate.  For  a  thin 
layer  on  a  porous  substrate,  the  absorption  spectrum  is  expected  to  dominate.  In  reality,  a  combination  of  these  two 
effects  will  play  a  role. 


4.  MEASUREMENTS  AT  CLOSE  RANGE 

A  variety  of  samples  were  measured  at  a  range  of  0.1  meters  using  the  experimental  setup  shown  in  Figure  1.  These 
included  idealized  diffusely  reflecting  gold  substrates  and  surfaces  that  are  representative  of  native  outdoor  surfaces. 

4.1  Diffusely  reflecting  gold  substrate 

To  mimic  the  idealized  cases  described  in  the  previous  section,  thin  films  and  thick  droplets  of  DEP  were  deposited 
on  a  diffusely  reflecting  gold  substrate  using  a  micro-pipetter.  Figure  4  depicts  the  sample  in  both  visible  and  infrared 
images.  A  row  of  3  droplets  (each  1  pL)  was  dispensed  on  the  top  row  and  fourth  10-pL  droplet  was  dispensed  on  the 


bottom  row.  The  bottom  row  also  includes  a  thin  film  in  which  a  1-pL  droplet  was  spread  using  a  cotton  swab.  The 
infrared  image  at  X  =  9.8  pm  represents  a  single  frame  (256  x  256  pixels)  of  an  81 -frame  multispectral  image-cube.  The 
laser  illumination  can  be  seen  to  have  a  higher  intensity  in  the  center  of  the  scene.  For  the  thin  film,  the  rectangular 
region  represents  the  area  over  which  the  pixel  values  are  averaged.  The  reflectance  that  is  derived  from  the 
multispectral  image-cube  is  plotted  versus  wavelength  as  the  colored,  solid  line.  The  measurement  is  in  good  agreement 
with  the  theoretical  reflectance  which  assumes  a  uniform  film  thickness  of  8  pm.  For  each  of  the  droplets,  one  can 
clearly  see  a  small  region  that  corresponds  to  the  first-surface  reflection.  The  spectral  reflectance  derived  from  each  of 
the  four  droplets  was  found  to  track  the  theoretical  curve.  For  clarity,  only  the  two  curves  that  correspond  most  closely 
to  the  theoretical  curve  are  plotted.  These  are  found  to  match  the  theoretical  curve  to  within  10%.  This  data 
demonstrates  the  ability  to  measure  the  both  the  first-surface  reflection  and  absorption  spectra  of  DEP  within  a  single 
multispectral  image-cube. 


Figure  4:  Measurement  of  droplets  and  thin  film  of  DEP  on  a  diffusely  reflecting  gold  substrate.  Both  the  first-surface 
reflection  spectra  from  each  of  the  4  droplets  and  the  absorption  spectrum  through  the  thin-film  are  observed  in  a  single  81- 
ffame  multispectral  image-cube.  For  clarity,  only  the  two  best  first-surface  reflection  spectra  are  plotted. 


4.2  Realistic  outdoor  substrates 

The  reflectance  of  clean  and  contaminated  concrete  pavers  was  measured.  Figure  5  shows  uncalibrated 
measurements  of  the  reflectance  from  clean  concrete,  concrete  that  is  wet  with  water,  and  concrete  with  a  thin  layer  of 
DEP.  As  stated  earlier,  the  concrete  was  oriented  to  be  roughly  parallel  with  the  FPA  (normal  to  the  optical  axis  of  the 
receiver)  and  the  laser  illumination  AOI  -  30°.  The  reflectance  of  clean  concrete  has  a  local  maximum  at  X  ~  9.3  pm. 
After  applying  water,  the  shape  of  the  reflectivity  spectrum  does  not  change  much  presumably  because  the  layer  of  water 
is  very  thin.  For  the  sample  with  DEP,  reflectance  minima  occur  at  about  9.3  pm  and  9.6  pm  as  would  be  expected. 
This  demonstrates  the  ability  to  discriminate  between  DEP  and  water  contamination  on  concrete. 
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Figure  5:  Spectral  reflectance  from  clean  concrete  pavers  (left),  concrete  with  water  (center),  and  concrete  with  DEP  (right). 


Calibrated  reflectance  measurements  were  made  using  controlled  amounts  of  DEP.  Figure  6  shows  visible  images 
of  concrete  pavers  that  are  contaminated  with  DEP  droplet  volumes  of  2-,  10-,  and  20-pL.  The  DEP  is  readily  absorbed 
into  the  concrete  and  spreads  laterally  to  form  a  contaminated  region  that  ranges  in  extent  from  ~0.5  cm  to  several  cm. 
Multispectral  images  were  acquired  for  each  of  these  cases.  The  photograph  on  the  right  of  Figure  6  indicates  the  field 
of  view  of  the  DFPA  for  the  measurements  and  also  the  region  over  which  the  reflectance  spectrum  was  averaged  for  the 
case  of  a  10- pL  droplet. 
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Figure  6:  Visible  photographs  that  show  the  contamination  footprint  of  DEP  on  concrete  pavers  for  several  deposition 
volumes  (left).  The  photograph  on  the  right  corresponds  to  a  10-pL  droplet  and  indicates  the  field-of-view  of  the  DFPA  and 
the  region  over  which  the  spectral  reflectance  was  averaged. 


The  multispectral  image-cubes  were  generated  before  and  after  chemical  deposition.  The  graph  on  the  left  of  Figure 
7  plots  the  reflectance  as  a  function  of  wavelength  for  the  case  of  a  10-pL  drop  on  concrete.  The  reflectance  values  are 
normalized  to  that  of  a  diffusely  reflecting  gold  standard  [26].  The  reflectance  of  clean  concrete  varies  from  about  5-9% 
and  has  a  local  maximum  at  X  ~  9.35  pm.  After  application  of  DEP,  the  reflectance  decreases  and  features  that 
correspond  to  DEP  can  be  seen.  Taking  the  ratio  of  the  contaminated-to-clean  reflectance,  one  obtains  the  reflectance 
ratios  that  are  plotted  in  the  graph  on  the  right.  Note  that  the  reflectance  ratio  is  smoother  than  the  raw  reflectance  data 
because  systematic  errors  in  the  laser  power  normalization  are  cancelled  by  taking  a  ratio.  For  the  2-pL  droplet,  the 


reflectance  ratio  exhibits  a  spectral  feature  with  a  modulation  depth  of  about  5%.  The  minima  are  centered  at  9.32  pm 
and  9.62  pm  which  are  very  close  to  the  absorption  peaks  in  DEP.  As  the  droplet  volume  increases,  the  depth  of  the 
signature  increases  to.  more  than  40%  for  the  20-pL  droplet.  Note  also  that  the  minima  in  the  reflectance  ratio  shifts  to 
the  shorter  wavelengths  of  9.28  pm  and  9.60  pm.  This  indicates  that  the  reflectance  signature  is  transitioning  from  one 
that  probes  the  absorption  in  the  thin  film  to  one  that  is  dominated  by  the  first-surface  reflection.  This  data  shows  that, 
because  of  the  complexity  of  the  signature,  account  needs  to  be  taken  of  the  various  transflection  processes.  Other 
groups  have  arrived  at  similar  conclusions  when  detecting  trace  explosives  [24]. 


Figure  7:  Reflectance  (left)  and  reflectance  ratio  (right)  for  clean  and  DEP-contaminated  concrete. 


Measurements  on  asphalt  are  shown  in  Figure  8.  Asphalt  is  a  coarse  composite  of  minerals  and  bitumen.  It  is 
expected  that  the  reflectance  will  vary  with  position.  However,  for  these  measurements  no  effort  was  made  to  probe  a 
particular  component  of  asphalt  or  to  understand  how  the  reflectance  varies  with  position.  The  graph  on  the  left  of 
Figure  8  plots  the  reflectivity  of  clean  asphalt  which  is  found  to  vary  between  7-12%  relative  to  a  gold  reflectance 
standard.  Spectral  features  that  are  clearly  attributable  to  DEP  are  observed  in  the  raw  reflectance  data  for  the  10-pL 
volume.  Taking  the  reflectance  ratio,  one  find  that  strong  features  are  obtained  for  all  deposition  volumes.  This  can  be 
attributed  to  the  feet  that  the  chemical  is  not  absorbed  as  readily  into  the  asphalt  as  compared  to  concrete.  The 
modulation  in  the  reflectance  ratio  is  >30%.  The  minima  occur  at  9.28  pm  and  9.60  pm  and  indicate  that  the  first- 
surface  reflection  dominates  the  spectra.  This  is  consistent  with  the  relatively  non-porous  nature  of  asphalt. 
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Figure  8:  Reflectance  (left)  and  reflectance  ratio  (right)  for  clean  and  DEP-contaminated  asphalt. 


Finally,  DEP  was  applied  to  sand  and  the  data  are  shown  in  Figure  9.  The  plot  on  the  left  shows  the  raw  reflectance 
of  clean  and  contaminated  sand.  The  reflectance  of  clean  sand  varies  from  about  1 0-20%  over  this  wavelength  band. 
Upon  application  of  DEP,  the  reflectance  decreases.  The  reflectance  ratio  is  shown  for  only  the  10-  and  20-pL  volumes. 
We  were  not  able  to  locate  the  2-p.L  drops  in  the  scene.  Signatures  are  observed  for  both  of  the  larger  drop  volumes  with 
modulation  depths  of  about  15%  and  20%  for  10-  and  20-pL  drops,  respectively.  These  modulation  depths  are  less  than 
for  the  cases  of  concrete  and  asphalt,  but  are  still  clearly  measurable.  This  result  is  not  surprising  given  the  highly 
porous  nature  of  sand.  The  minima  in  the  reflectance  ratios  are  centered  at  9.32  pm  and  9.62  pm  which  indicate  probing 
of  the  absorption  within  the  chemical.  This  is  the  expected  result  based  on  Kubelka-Munk  theory  which  is  relevant  for 
diffuse  reflectance  within  powdered  samples  [31]. 
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Figure  9:  Reflectance  (left)  and  reflectance  ratio  (right)  for  clean  and  DEP-contaminated  sand. 


5.  MEASUREMENTS  AT  LONGER  RANGE 

Preliminary  reflectance  measurements  of  contaminated  surfaces  were  performed  at  standoff  distances  of  1  and  5  meters. 
For  these  measurements,  the  afocal  telescope  was  replaced  with  a  LWIR  camera  lens  (50  mm,  f/1.4).  Moderate,  yet 
uncontrolled,  amounts  of  DEP  were  applied  to  the  substrates.  Unless  otherwise  specified,  measurements  were 
performed  as  outlined  in  Section  2. 

Figure  10  plots  the  measured  reflectance  of  DEP-contaminated  concrete  pavers  at  a  range  of  1  meter  for  which  the 
laser  AOI  ~  5°.  At  normal  incidence,  spectral  features  attributable  to  DEP  are  observed  with  a  modulation  of  -20%. 
When  tilting  the  paver  by  45°,  such  that  the  laser-beam  polarization  is  in  the  plane  of  incidence,  the  spectral  features 
remain  visible  with  a  modulation  depth  of -15%.  The  magnitude  of  the  reflectance  is  found  to  decrease  by  almost  a 
factor  of  2.  For  both  0°  and  45°,  the  signatures  are  dominated  by  first-surface  specular  reflection.  The  fact  that  a 
significant  reflectance  is  observed  for  a  tilt  angle  of  45°  indicates  that  the  chemical  conformally  coats  the  concrete  to 
some  extent  and  that  microfacets  are  responsible  for  a  portion  of  the  specular  reflection  being  collected  by  the  receiver. 


Figure  10;  Reflectance  at  range  of  1  meter  for  DEP  on  concrete  at  both  0°  (normal  to  FPA)  and  45°. 


Reflectance  measurements  were  made  at  a  range  of  5  meters  for  samples  of  DEP-coated  diffused  gold.  At  this 
range,  the  illumination  AOl  ~  1°.  The  beam  size  at  the  sample  was  such  that  only  about  100  pixels  were  illuminated. 
The  angle  of  the  sample  could  be  adjusted  to  enhance  the  specular  reflection  back  to  the  camera.  In  this  case  (see  left 
side  of  Figure  11),  the  reflectance  signal  was  large  and  follows  closely  the  theoretical  curve  (compare  with  Figure  4). 
When  the  sample  was  misoriented  to  allow  only  the  diffusely  scattered  radiation  to  reach  the  receiver,  the  signal 
decreases  significantly  and  the  spectral  features  are  due  to  absorption  in  the  film  (right  side  of  Figure  1 1). 
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Figure  11.  Reflectance  of  DEP  on  diffuse  gold  at  5-meter  range.  The  sample  was  aligned  for  either  direct  specular 
reflection  (left)  or  misaligned  for  diffuse  reflection  (right). 


6.  SUMMARY 

In  summary,  we  have  demonstrated  that  strong  LWIR  reflectance  signatures  exist  for  liquid  chemicals  on  native  outdoor 
surfaces.  We  also  demonstrate  the  utility  of  an  active  LWIR  multispectral  imaging  system  that  is  based  on  the 
combination  of  a  QCL  illuminator  and  DFPA  camera.  Liquid  chemicals  were  detected  at  standoff  distances  of  up  to  5 
meters. 
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